ABSTRACT: Angus × Hereford heifers (15 mo and AI to a single sire) were used to evaluate the effect of prenatal nutritional restriction on postnatal growth and regulation of glucose in plasma. Dams (d 32 of gestation) were stratified by BW and BCS and allotted to low [LN, 55% of NRC (1996) requirements, n = 7] or moderate nutrition [MN, 100% of NRC (1996) requirements, n = 7]. After 83 d of feeding, dams were commingled and received a diet in excess of requirements. Dams were allowed to calve naturally, and bull calves were castrated at birth. Dams and calves were maintained as a group until weaning, and calves were maintained as a group after weaning. Calves (15 mo of age) were adapted to a similar diet during 2 wk; catheters were placed in both jugular veins; and calves were confined in stalls. Two days later, calves were subjected to an intravenous glucose challenge and the next day to an insulin challenge. Dams had similar (P = 0.31) BW at the beginning of the experiment. At the end of restriction, LN dams weighed less (P ≤ 0.01) and had less BCS (P < 0.001) compared with MN dams. Length of gestation was not affected by prenatal nutritional treatment. Nutrient restriction during gestation did not influence birth weight or postnatal growth. Concentrations of glucose (P = 0.49) and insulin (P = 0.29) were not different in plasma of LN and MN calves before glucose infusion. Plasma concentrations of glucose, after intravenous administration of glucose, decreased more rapidly (P = 0.05) in LN compared with MN calves. Concentrations of glucose (P = 0.68) and insulin (P = 0.55) in plasma of LN and MN calves were similar after infusion of insulin. Nutritional restriction of dams during early gestation did not influence postnatal growth, but altered clearance of glucose after a bolus infusion of glucose.
INTRODUCTION
Beef cows often receive inadequate diets during pregnancy because the quantity and quality of consumed forage do not supply required nutrients for maintenance of BW and growth of the fetus. Nutrient restriction during early gestation can cause intrauterine growth restriction (IUGR) of fetuses in young cows at 125 d of gestation (Long et al., 2009) . Nutrient restriction of heifers during the first two-thirds of gestation caused reduced calf birth weight (Micke et al., 2010) . Nutritional restriction during fetal growth may cause glucose intolerance in later life in rats (Garofano et al., 1999) and sheep (Cripps et al., 2008) . Early prenatal nutritional restriction of ewes resulted in IUGR of fetuses at mid gestation (Vonnahme et al., 2003) . Male IUGR ovine offspring had increased growth rate and adiposity, decreased skeletal muscle mass, and altered glucose metabolism and insulin secretion during glucose tolerance tests . Female IUGR ovine offspring had increased growth rate and appetite and altered glucose metabolism and insulin secretion (Burt et al., 2007) . Nutrient restriction of ewes from d 110 to 147 of gestation resulted in glucose intolerance associated with decreased GLUT 4 glucose transporter in adipose tissue (Gardner et al., 2005) . Abundance of mRNA for fatty acid binding protein 4, fatty acid translocase, and GLUT 4 was less in adipose tissue of steers from nutrient-restricted dams compared with steers from dams fed adequate diets (Long et al., 2010) . We hypothesized that prenatal nutrient restriction of dams alters regulation of glucose and secretion of insulin in postnatal offspring. The objective of this experiment was to determine the effect of nutrient restriction of bovine dams during early gestation on postnatal glu-cose regulation and insulin secretion of offspring during glucose and insulin infusion.
MATERIALS AND METHODS
The Institutional Animal Care and Use Committee of Oklahoma State University approved all animal-related procedures used in this study.
Angus × Hereford heifers (15 mo of age) were synchronized by 2 treatments with PGF 2α (Lutalyse, 25 mg, intramuscular; Pfizer & Upjohn Co., New York, NY) administered 11 d apart. Heifers were observed at 0700 and 1900 h for estrus and were inseminated with semen from an Angus sire 12 h after first observed in estrus. At 32.0 ± 0.5 d after AI, pregnancy was diagnosed by transrectal ultrasonography (Aloka 500-V with a 7.5-MHz probe; Corometrics Medical Systems, Wallingford, CT). Pregnant dams were stratified by BW and BCS and allotted to low (LN, n = 7) or moderate nutrition (MN, n = 7) diets. Cows were fed diets to meet 55 or 100% of requirements based on the NRC Table Generator software of the Level 1 model for 545 kg mature BW, 36 kg of birth weight, and 15 mo of age (NRC, 1996) . The LN diet, composed of prairie hay (approximately 3.2 kg/d; 5% CP, 57% TDN; DM basis) and 38% CP supplement (0.45 kg/d; composed of cottonseed meal and wheat middlings) was offered to the group of dams in a drylot and provided 55% of NRC (1996) requirements for NE m and 50% for CP. Dams on the MN diet had ad libitum native grass pasture (Bothriocloa caucasica and Sorghastrum nutan; 10% CP) and growth indicated that the diet supplied greater than 100% of NRC (1996) requirements. After 83 d of treatment, dams were commingled on native grass pasture and supplemented with protein (38% CP) and grass hay to exceed NRC (1996) requirements.
Dams calved during a 26-d period commencing on January 25. Testes of bull calves were banded at birth, and all cows and calves were maintained as a group. Calves were weaned at 227 ± 7 d of age. The LN and MN calves were maintained as a group after weaning. Body weights of dams and calves were recorded after 15 h without feed and water. Calves (LN, 5 steers, 2 heifers; MN, 2 steers, 5 heifers) were maintained on dormant native grass pasture after weaning and received 2.27 kg/d of a 20% CP supplement (composed of cottonseed meal and wheat middlings) until 15 mo of age, when calves were transported 7 km and maintained in pens with 2 or 3 calves per pen (2.5 × 3.8 m). Calves were fed 2 kg of chopped native grass hay (5% CP, 57% TDN; DM basis) and 5 kg of a concentrate (38% wheat middlings, 25% alfalfa pellets, 19% cottonseed hulls, 15% soybean hulls, and 3% soybean meal; 1.34 Mcal/ kg of NE m , 0.73 Mcal/kg of NE g , and 14.4% CP) each morning.
After 2 wk of adaptation to the new diet, a polyvinyl catheter (i.d., 1.68 mm; o.d., 2.39 mm; BB 317 v11, Bolab, Lake Havasu City, AZ) was inserted using an 11-ga needle into each jugular vein with 2.9% sodium citrate as an anticoagulant. Calves were confined in stalls (1.2 × 2.1 m). On the second morning (0800 h) after catheterization, and 1 h after feeding, blood samples were collected at −15 and 0 min before calves were given a bolus intravenous infusion of a sterile 50% glucose solution at 0.3 g of glucose/kg of BW [intravenous glucose tolerance test (IVGTT); Richards et al., 1989] . After infusion, the catheter was flushed with 15 mL of saline. Blood samples were obtained from the contralateral catheter every 15 min for 2 h after infusion, and samples were placed in tubes that contained fluoride and oxalate. Samples were placed on ice for <3 h, centrifuged at 2,600 × g for 15 min at 4°C, and plasma was removed and stored at -20°C. The day after IVGTT, calves were infused with insulin at 1000 h (2 h after feeding). Bovine insulin (Sigma, St. Louis, MO; 18.6 USP units/mg) was dissolved in 0.1 M NaOH and diluted in PBS (0.01 M, 7.0 pH). Insulin solution was infused [insulin challenge (IC); 0.2 USP units of insulin/kg of BW; Shingu et al., 2004] as a bolus (intravenous), and the catheter was flushed with 15 mL of saline. Blood samples were collected at the same times relative to treatment and processed as described for the IVGTT. Plasma insulin and glucose concentrations were quantified in laboratory blocks (each block with an equal number of animals from each treatment) by RIA (Bossis et al., 1999 ) and a colorimetric procedure (Affinity glucose regent, Thermal Electron Corp., Waltham, MA), respectively. Insulin intra-and interassay CV were 10 and 5%, respectively. Glucose intraand interassay CV were 2 and 4%, respectively.
Statistical Analyses
Maternal BW and BCS changes were analyzed with PROC GLM (SAS Inst. Inc., Cary, NC) with treatment in the model. Birth, weaning, and 15-mo weights, preweaning and postweaning growth rates, and gestation length were analyzed using MIXED (SAS) with treatment, sex, and the interaction in the model as fixed effects. Concentrations of glucose and insulin in plasma from −15 to 120 min relative to infusion, for both the IVGTT and IC, were analyzed using MIXED (SAS) to evaluate repeated measurements of cows. Six covariance structures were examined, and the firstorder autoregressive was selected because it had the best goodness-of-fit statistics. The statistical model included prenatal nutritional treatment, time, and the interaction as fixed effects, with laboratory assay block as a random variable. Sex effects were confounded with laboratory block and could not be determined. Plasma concentrations of insulin and glucose were plotted, and area under the curve (AUC) was determined using the trapezoidal rule with Sigma Plot software (SPSS Inc., Chicago, IL) and analyzed using MIXED (SAS). Samples collected at −15 and 0 min were averaged and used as a basal concentration for calculating AUC. For IVGTT, samples collected between 0 to 90 min, relative to infusion of glucose, were used to calculate AUC for glucose, and samples collected between 0 and 60 min were used for insulin. For IC, samples collected between 0 and 120 min were used for AUC for glucose, and samples from 0 to 60 min were used for insulin.
Concentrations of glucose and insulin in plasma after IVGTT and IC were transformed to the natural log (x + 1), and linear regression (PROC REG, SAS) was used to determine changes in concentrations. Glucose was analyzed from 15 to 120 min after IVGTT and from 45 to 120 min after IC. Concentrations of insulin were analyzed from 15 to 120 min after IVGTT and from 15 to 60 min after IC. Regression coefficients for each animal were analyzed using GLM (SAS) with treatment in the model.
RESULTS
Body weight at the initiation of treatment was similar for LN and MN dams (P = 0.31; Table 1 ). Body weight was greater for MN compared with LN dams at d 69 (P = 0.05) and d 103 (P < 0.01) of gestation, and BCS was greater for MN compared with LN dams at d 69 (P < 0.01) and d 262 (P = 0.04) of gestation (Table 1) . At d 103 of gestation, LN dams had lost 26 ± 2 kg and MN dams had gained 55 ± 2 kg (P < 0.001), and BCS was 0.7 less (P < 0.001) for LN compared with MN dams. Precalving BW (d 262 of gestation) was not affected (P = 0.63) by nutritional treatment, but precalving BCS was less (P = 0.04) for LN compared with MN dams. Gestation length was similar (P = 0.52; Table 1 ) for LN and MN dams.
There was a treatment × sex effect (P = 0.05; Table  2 ) on birth weight; however, with only 2 LN heifers and 2 MN steer calves, this was not adequately evaluated. Prenatal nutritional treatment did not influence weaning weight (P = 0.86), ADG from birth to weaning (P = 0.39), or ADG from weaning to 15 mo of age (P = 0.51; Table 2 ).
Body weight of calves before IVGTT (15 mo of age) was not influenced by treatment × sex (P = 0.13; Table  2 ) or treatment (P = 0.79) but was affected by sex (P < 0.05). Plasma concentrations of glucose (P = 0.49) and insulin (P = 0.29) were not different for LN (64.5 ± 3.7 mg/dL and 1.65 ± 0.12 ng/mL, respectively) and MN (68.6 ± 4.4 mg/dL and 1.52 ± 0.23 ng/mL, respectively) calves before glucose infusion. There was BCS were 1 = emaciated and 9 = obese (Wagner et al., 1988) . Long et al.
a tendency (P = 0.09) for MN calves to have greater concentrations of glucose in plasma after glucose infusion when compared with LN calves (Figure 1 ). However, AUC for plasma glucose, from 0 to 90 min after infusion of glucose, was not different (P = 0.31) for LN and MN calves during IVGTT (Figure 1 ). Concentrations of insulin in plasma during IVGTT were similar (P = 0.55) for LN and MN calves (Figure 2) , and the AUC (0 to 60 min after infusion) for concentrations of insulin was not influenced by treatment (P = 0.43; Figure 2 ). The decrease in plasma concentrations of glucose after IVGTT occurred more rapidly (P = 0.05) in LN compared with MN calves. However, the decrease in insulin in plasma after IVGTT was not influenced by treatment (P = 0.66).
Concentrations of glucose in plasma after administration of bovine insulin, and the AUC for glucose, were similar (P = 0.68 and P = 0.92, respectively) for LN and MN calves (Figure 3) . The increase in plasma insulin and the AUC after administration of insulin were not affected by treatment (P = 0.55 and P = 0.52, respectively; Figure 4 ). Plasma concentrations of glucose during 45 to 120 min after IC increased similarly in LN and MN calves (P = 0.99), and the decrease in plasma concentrations of insulin from 15 to 60 min after IC were not influenced by prenatal nutrition (P = 0.66). 
DISCUSSION
Nutritional restriction resulted in an 8% decrease in BW of dams, whereas BW increased 15% in MN dams. Ad libitum forage during late gestation for dams, and supplementation with protein and hay when quality and quantity of pasture was inadequate, resulted in similar BW of dams on both treatments in late gestation. Gestation length and birth weight of calves were not influenced by treatment. Gestation length and calf birth weight were not influenced when dams were fed a protein-deficient diet for the last 90 or 140 d of gestation (Carstens et al., 1987; Martin et al., 1997) . In contrast, gestation length was reduced (8 d) in cows that received a protein-deficient diet during 150 to 270 d of gestation (Waldhalm et al., 1979) . Similar to results of this experiment, decreased nutrient intake of dams from 32 to 115 d of gestation did not influence birth weight of offspring, but did decrease the length of gestation (Long et al., 2010) . Decreased caloric intake during late gestation decreased calf birth weight for cows (Wiltbank et al., 1962; Houghton et al., 1990) and beef heifers (Corah et al., 1975; Bellows and Short, 1978; Kroker and Cummins, 1979; Spitzer et al., 1995) and reduced gestation length (Hafez et al., 1968; Warrington et al., 1988) . Similar to results of the current experiment, restriction of dietary energy before the last third of gestation did not influence birth weight or gestation length (Doornbos et al., 1984; Goehring et al., 1989; Houghton et al., 1990) .
Postnatal growth of calves was not influenced by restriction of prenatal nutrition in the current experiment. Similarly, growth rate of lambs during the first year of age was not altered when ewes were exposed to 50% nutrient restriction from d 0 to 30 of gestation, or from d 110 of gestation to term (Gardner et al., 2005) . In contrast, wethers from ewes exposed to 50% of nutritional requirements from d 28 to 78 of gestation were heavier at 4 and 9 mo of age compared with wethers from ewes fed adequate diets . Additional research is needed to evaluate the effect of early prenatal nutrient restriction and sex of offspring on postnatal growth.
Prenatal nutrient availability influenced the ability of calves to regulate plasma concentrations of glucose at 15 mo of age. Glucose was removed from plasma more rapidly in LN steers after infusion of glucose compared with MN steers. In contrast, energy and protein restriction of ewes from d 28 to 78 of gestation resulted in wethers that had greater concentrations of glucose in plasma in response to IVGTT at 63 and 250 d of age, compared with control animals . This difference indicates an inability of lambs to move plasma glucose into body tissue via insulin-dependent mechanisms. Exposure of cows to greater nutrient intake during mid gestation had the opposite effect on glucose regulation in calves compared with restriction of intake. Kastner et al. (2004) observed that calves from cows exposed to a high plane of nutrition from d 78 to 174 of gestation had greater concentrations of plasma glucose during IVGTT at weaning and postweaning, compared with calves exposed to moderate prenatal nutrition. The AUC for plasma insulin was greater at 63 d of age in nutrient-restricted wethers than in controls, but was decreased at 250 d of age, indicating pancreatic insufficiency and reduced insulin secretion after stimulation by increased concentrations of glucose in plasma. Nutrient restriction of ewes from d 1 to 30 of gestation did not alter the response to IVGTT of lambs at 11 mo of age; however, nutrient restriction from d 110 to term resulted in lambs with increased concentrations of glucose and insulin in plasma (Gardner et al., 2005) . The increased concentrations of glucose and insulin in plasma after nutrient restriction of ewes during late gestation was associated with decreased adipose GLUT 4 but not with GLUT 4 in muscle tissue.
The effect of inadequate nutrients for the developing ruminant fetus has been evaluated with other experimental models in addition to limiting nutrient intake of the dam. Surgical removal of most of the caruncles in ewes before breeding reduced the rate of clearance of glucose, reduced the maximum concentration of glucose in plasma during IVGTT, and reduced glucose stimulated secretion of insulin in offspring at 35 d of age . Plasma concentrations of glucose during fasting of offspring at 375 d of age were not influenced by nutrient restriction due to removal of caruncles; however, sex of the animal influenced the response to IVGTT . Prenatal nutrient restriction increased the maximum concentration of glucose during IVGTT in males compared with controls, but did not influence concentrations in females. During a hyperinsulinemic euglycemic clamp of the same animals, males had a decreased ability for insulin to decrease glucose in plasma but an increase in the ability of insulin to decrease free fatty acids in plasma. At 375 d of age, female offspring from caruncleremoved dams had increased insulin sensitivity during a hyperinsulinemic euglycemic clamp compared with control ewe lambs. In the current experiment, it was not possible to evaluate the effect of sex of offspring on regulation of glucose in plasma. The effect of sex on regulation of glucose in plasma of sheep may not apply to cattle because the studies with sheep used intact males and not castrates, and the sheep were studied at a greater physiological age.
The minimal effect of prenatal nutrient restriction of bovine dams on response of offspring to IVGTT, and the similar response of LN and MN offspring to insulin challenge may be related to the age of animals at evaluation and body composition. Offspring were evaluated at approximately 65% of the BW at which cattle are usually harvested for quality beef. The 15-mo-old calves were physiologically less mature than the yearling or older lambs that have been studied. Percentage body fat is positively correlated with BW of cattle. Older calves should be evaluated to determine the effect of prenatal nutrient deficiencies on regulation of glucose in plasma and control of insulin secretion.
Taken together, the effect of prenatal nutrient restriction on the greater rate of decrease in plasma concentrations of glucose after infusion of glucose, the unequivocal increased area of muscle fibers (Long et al., 2010) , and the decrease in expression of genes that regulate fat synthesis in adipose tissue, establishes that exposure of bovine dams to reduced nutrient intake during early gestation exerts a modulating effect on regulation of plasma glucose and tissue development. Additional studies are necessary to evaluate the effect of early prenatal nutritional restriction on the ontogeny of growth and insulin regulation of glucose in cattle. 
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